Abstract-We present a wide-angle, nonmechanical laser beam steerer based on polymer polarization gratings with an optimal design approach for maximizing field-of-regard (FOR). The steering design offers exponential scaling of the number of steering angles, called suprabinary steering. The design approach can be easily adapted for any 1-D or 2-D (e.g., symmetric or asymmetric FOR) beam steering. We simulate a system using a finite difference and ray tracing tools and fabricate coarse beam steerer with 65
those where precise beam pointing and tracking are required within a compact unit in systems [1] , [2] . Many nonmechanical steering techniques [3] [4] [5] [6] [7] [8] [9] [10] [11] have been studied, but all of these approaches are limited by one or more of the following reasons: low throughput, scattering, small steering angle/aperture, and large physical size/weight. Shi and coworkers have shown high efficiency nonmechanical steering utilizing a liquid crystal (LC) phase grating [12] , but the technique was limited to small angles and slow speeds.
In order to realize a fast and low loss nonmechanical beam steering, we introduced a technique based on switchable polarization gratings (PGs) [13] , [14] . This technique utilizes a stack of switchable PGs and waveplates (WPs). Later, we introduced a closely related system for wide angle steering based on polymer PGs, called Supra-Binary (SB) steering [15] .
Here, we introduce an optimal design approach of the SB steering for 1D/2D. This optimization can be easily adapted for any 2D beam steering (e.g., symmetric or asymmetric FOR). Using finite-difference (Wolfsim-3D [16] ) and ray-tracing (TracePro) tools, we simulate the non-ideal behavior of PGs and an optimized SB steering configuration. Lastly, we experimentally fabricate and evaluate a 1D SB beam steerer at 1550 nm for wide FOR (e.g., 65
• ) with fairly high throughput (e.g., > 85%).
II. BACKGROUND

A. Polarization Gratings
The key element of our approach is a PG, which is composed of a continuous, in-plane, bend-splay profile of spatially varying optical axis formed with birefringent materials [17] , [18] . These PGs manifest unique behaviors, including 100% theoretical efficiency into a single diffraction order and a wide angular acceptance angle. The first order diffraction efficiency can be expressed as [19] η ±1 = (1/2)(1 ∓ S 3 ) sin 2 (Γ/2),
where η m is the diffraction efficiency of the order m, Γ = 2πΔnd/λ is the retardation of the LC layer, λ is the wavelength of the incident light, and S 3 = S 3 /S 0 is the normalized Stokes parameter describing the ellipticity of the incident light.
Note that an incident beam is diffracted into only one of the first orders when input is circularly polarized (i.e., S 3 = ±1) and the retardation of the LC layer is halfwave (Δnd = λ/2). For incident light that is coplanar with the grating vector, the first order diffraction angle is governed by the classic grating 
where θ in is the incident angle, θ m is the first order diffraction angle, the order m = {+1, −1} depends on the incident polarization, and Λ is the grating period.
High quality PGs have been demonstrated in commercially available polymer and switchable materials that achieve excellent optical properties both for narrowband and broadband wavelength operation [20] .
B. Conical Diffraction of PGs
Whenever incident light is not coplanar with the grating vector, the result is the so called conical diffraction behavior as shown in Fig. 1(a) . Since the angle relationship between the input and output is nonlinear, it is convenient to introduce a direction cosine space where diffraction at an arbitrary incident angle can be described by simple, linear vector representations [21] . The direction cosines of the steered beam are given by 
Examples of conical diffraction are shown in real space (see Fig. 1(b) ) and direction cosine space (see Fig. 1 (c)) for oblique incidence (e.g., {θ in , φ in } = {−45
• − 45
• , 0}) on the PG when Ψ = 90
• and λ/Λ = 0.5 (i.e., 30
• diffraction angle). Since the output beam direction can be described as a simple vector sum of the incident and the PG diffraction components, the direction cosine space representation makes it easy to determine design parameters relevant to beam steering systems.
C. Steering Design Comparison
It is possible to configure PG steering designs that are based on either switchable [13] , [14] or polymer [15] PGs. These designs all utilize at least one switchable LC variable retarder as the polarization selector/controller before each PG, which is needed to access the full FOR. But the LC elements, including the switchable PG are the main cause of loss of the steering systems, due to the absorption and reflection of transparent electrode (e.g., indium tin oxide) and the typically smaller scattering caused by LC itself. Therefore, when optimizing transmittance and efficiency, fewer LC elements is preferred. With this in mind, the number of LC elements in a design can be used as a benchmark of the system's performance. Fig. 2 shows total number of steering angles of the three different steering designs. For every given number of desired steering angles, SB designs based on polymer PGs are likely to perform the best, having the highest number per LC element ratio. Another important benefit of polymer PGs is their expected lifetime and stability at high temperatures. Moreover, since polymer PGs typically have lower scattering and higher efficiency than switchable PGs, the SB design has an additional advantage over the switchable-PG based designs. In sum, we conclude that the SB design will likely produce the highest throughput large angle steerer.
III. DESIGN PARAMETERS OF 1D/2D STEERING
A conceptual configuration of nonmechanical beam steering system is shown in Fig. 3 . This includes a fine steering module [22] , [23] to steer an input beam within comparably small angles (e.g., ±5
• ), and a coarse steering module, which is what we focused on in this paper, in order to steer the output beam of the fine module to cover larger FOR (e.g., ±45
• or larger). Both fine and coarse steering modules may include sub-assemblies for different steering dimensions (i.e., AZ, EL). The AZ and EL parts in the coarse steerer contain the same elements in the same configuration, but the grating directions of each part are orthogonal to each other (e.g., Ψ AZ = 0
• , Ψ EZ = 90 • ). When the angle parameters for both the fine and coarse modules are chosen properly, the steering system can maximize the total FOR, and steer into any angle within the FOR within the resolution of the fine steering module.
A. 1D Steering
First, we consider the simplest case: one dimensional (1D) steering. Fig. 4(a) shows a single steering stage that comprises a switchable LC WP and a polymer PG resulting in two-way steering. When the input light is circularly polarized, the WP ensures that the input to the PG is either of the two orthogonal circular polarization states (i.e., LCP: Left handed Circular Polarization; RCP: Right handed Circular Polarization). Depending on the handedness of polarization, the PG diffracts the beam into one of the two possible orders and flips its handedness. Since the polymer PG is a passive element, there is ideally no zero-order (0
• steering angle) present. To achieve more steering angles, our beam steerer comprises multiple stacked stages of this WP/PG assembly. Fig. 4(b) shows a 1D design with three stages (N = 3), where each coarse stage has a different grating period and can access a different set of angles. Compared to prior multistage diffractive approaches [24] , [25] , which shave stages with merely one deflecting state and a non-deflecting state, the PG based steering enables far more angles to be steered by the same number of stages. In the latter, the total number of steering angles M is determined by the number of stages N :
We show this behavior in Fig. 4 
(b).
The fine angle steering module compliments the coarse angle module by steering much smaller angles, which enables a high resolution FOR. It is important to note that the final steering angle is a summation of both the fine and coarse steering angles. Therefore, it is important to properly choose the angles of the coarse steerer to avoid overlapping steering angles when the coarse module is combined with the fine module. Here we consider the coarse angle separation in direction cosine space, since the angles can be described by a simple linear vector representation in the cosine space. The coarse steering angle resolution r is determined by the number of steering angles M and the FOR:
To achieve optimal resolution r in the direction cosine space for the coarse steerer, the first stage should have a diffraction angle equal to half the resolution and every subsequent stage should have double the diffraction angle of the previous stage in the direction cosine space. This means that the angle of each stage should be as Ω 1 = 0.5r; Ω 2 = r; Ω 3 = 2r, where Ω l is the diffraction angle of each lth stage in direction cosine space. Therefore, the PG diffraction angles in the coarse module are given by
where Ω l and θ l are the lth stage PG diffraction angles in direction cosine space and real space respectively. To cover total FOR (i.e., 2 sin(F OR/2) in cosine space), the fine steering module should point the beam into an angle within ±θ 1 (i.e., within r in cosine space). Then, the 1D steering angles can be spread uniformly as shown in Fig. 5 without any unnecessary overlap of the steering angles; the blue dots represent the final 1D steering angles. The final angle Θ 1D can be expressed as
where θ f is the steering angle of the fine module, and V l is the state of the lth WP (0 or 1 when the WP output is LCP or RCP, respectively). If we assume that the efficiency and loss of each stage is the same, we can approximate the system transmittance T 1D in the following way:
where η +1 is the experimental intrinsic diffraction efficiency [13] of each polymer PG, D is the diffuse scattering of each PG, and R is the Fresnel reflectance of each element (LC waveplate + polymer PG), A is the absorption losses of each LC element (LC waveplate only), and T f denotes the throughput of the fine steering module.
B. 2D Steering
2D steering is an extension of 1D steering with cascaded additional fine and coarse steering modules with orthogonal orientation. When the angle parameters of the two orthogonal 1D modules are the same, we can draw the steering map in direction cosine space as shown in Fig. 6(a) . This is the 2D version of the angle distribution shown in Fig. 5 . Here we consider N = 2 for the 2D coarse steering module, which can steer a beam to 16 coarse angles (red dots). As the coarse steering is combined with the fine steering, the beam can be steered into any of the final angles (blue dots) within the total FOR. Fig. 6(b) shows the steering map of the 2D steering in real space. The final steering angles of the region (1,1) are shown on those steering maps as an example.
Note that the maximum steering angle is in the diagonal direction. For example, the 2D steerer with a two-stage coarse steerer (N = 2, θ f = 10.2
• , θ 1 = 10.2
• , θ 2 = 20.7
• ) can cover 
90
• FOR in the horizontal and vertical directions (e.g., φ = 0
• , 90 • ) but it covers 180
• FOR in the diagonal direction (e.g., φ = 45
• , 135 • ). While here we assume the same FOR for the two orthogonal 1D modules, which leads to a symmetric FOR in the direction cosine and real spaces, the FOR of the 1D modules can be different, which causes an asymmetric final FOR that might be considered depending on the application.
For all cases, the final steering angle can be estimated as below. The direction cosines of the steered beam are given by
where
is the fine steering angle in cosine space, Ω
is the lth single steering stage angle in cosine space of the AZ(EL) coarse module, and V AZ (E L) l is the status of the lth WP in AZ(EL) coarse module (0 or 1 when the WP output is LCP or RCP, respectively). Then, the final output azimuthal angle Φ 2D and polar angle Θ 2D in the real space can be calculated as Θ 2D = cos
Like the 1D steering case, we can approximate the overall system transmittance T 2D of the 2D steerer in the following way: We graph T 2D of symmetric FOR 2D steering for three cases in Fig. 7 . Case (i) corresponds to the best-case scenario, where low loss transparent conductors are employed to reach A = 0.2%. Case (ii) corresponds to the case when commercially available index-matched ITO is used, to reduce R to 0.1%. Case (iii) corresponds to the parameters we were able to experimentally demonstrate in this work (e.g., η +1 = 99.5%, D = 1%, R = 1%, and A = 2%). In all cases, we observe a roughly linear decrease in T as N increases.
IV. SIMULATION
A. PG Efficiency Estimation by 3D FDTD Analysis
The diffraction efficiency of a PG is nearly ideal when the input incidence is normal to the PG's surface. However, as shown in the illustration of the steerer (see Fig. 4(b) ), the incidence angle will usually be oblique. At these oblique incidence cases, a PG may have increased zero-order leakage, which may contribute significantly to sidelobes in the final steering assembly. To minimize the sidelobes of the steerer, we need to study these non-ideal oblique incidence cases in order to optimize the assembly configuration. Here we utilize the finite difference time domain (FDTD) method to simulate and characterize PGs. Specifically, we need a FDTD algorithm capable of handling arbitrary 2D, periodic, birefringent, dichroic media with obliquely incidence sources. We use an open-source FDTD code that we have developed, called Wolfsim [16] , that has these capabilities (in addition to being able to simulate 3D structures). The simulated PGs have average index n = 1.5, birefringence Δn = 0.13, thickness d = λ/2Δn, and various periods: (i) Λ = 5λ, (ii) Λ = 10λ, and (iii) Λ = 20λ. The oblique angle of the source follows the grating vector of the PGs and the source was right-hand circular polarized. The simulation grid size varied slightly for each period, but was about 200 × 250, and obtaining the entire hemisphere plot (with high degree of accuracy) took a number of hours. The simulation result in Fig. 8 shows that there is decreased first order efficiency (i.e., leading to the mainlobe) and increased zero-order efficiency (i.e., leading to the sidelobe), with the trend increasing for higher incidence angles. It is noteworthy that the maximum efficiency case occurs slightly off-axis. However, if the polarization of the input beam is reversed, this same angle becomes non-ideal (i.e., Fig. 8 would be mirrored) .
For 2D steering with AZ and EL steering modules, we must consider the impact on efficiency due to arbitrary wholehemisphere incidence (i.e., Φ ≤ 360
• and Θ ≤ 90 • ). In Fig. 9 , we show the simulation results of the zero order leakage response with angles of incidence θ = 0
• . From this plot, it is clear that the diffraction efficiency is much more effected by in-plane incidence than out-of-plane incidence. This impact was studied by other authors and they suggested how this can be minimized [26] .
Concerning the response characteristics, we note that for φ = 90
• the location of the diffraction maxima and minima shift only slightly, while φ = 0
• shifts them a noticeable amount. With this in mind, we can effectively design a 2D steerer by designing two 1D steerers independently and then combining them, with minimal loss in efficiency.
B. Beam Steering Efficiency Estimation by Ray-Tracing Simulation
We used ray-tracing tool (TracePro, Lambda Research) to simulate mainlobe and sidelobes efficiency of 2D SB beam steerer which is based on the optimal design described in Section III. A target FOR of the model is 65
• in 1D with a step of ∼8
• at 1550 nm. The simulation includes mainly three parts: input source, beam steerer, and detector. First, the input beam in the model is collimated single wavelength (1550 nm) light with uniform intensity distribution. In the ray-tracing software, 10,000 rays are simulated as the input and they are incident normal to the front surface of the beam steerer. The beam steerer contains two modules for different steering directions, azimuth and elevation. Each module includes three steering stages containing switchable half-waveplates and polymer PGs. Each steering module drives eight steps coarse steering in 1D (i.e., Az or El) so that a stack of both modules performs in total 64 steering angles in 2D. Each PG diffraction angle is selected by the Eq. (7), which achieves equally distributed steering angles in 2D direction cosine space as Fig. 6(a) . Other PG properties (e.g., zero order leakage on oblique incidence, material absorption, reflection, etc.) for the simulation are determined by the result of the FDTD analysis shown in Section IV-A with our best estimation. A 3D model of the physical arrangement of this model including the input and the steerer is shown in Fig. 10(a) and (b) .
In the ray-tracing simulation, all of the output rays of the beam steerer are captured in order to examine steering efficiency of the model. We simulated all possible steering angles (M = 64) and the output efficiency (η) of the mainlobe is shown in the polar plot (see Fig. 10(c) ). All of angles showed high steering efficiency (η ≥ 80%). In Fig. 10(d) , moreover, we selectively displayed one of the steering case for the largest steering angle. The mainlobe efficiency of the case (Θ 2D = 45
• , Φ 2D = 135 • ) was ∼87%. Any single sidelobe had <1.5%. The sidelobes were caused mainly by the zero order leakage of the PGs stacked in AZ and EL. Various diffraction and orientation angles of the PGs resulted in the azimuthal and polar angles of the sidelobes.
V. FABRICATION
A. Polymer PG Fabrication
In order to demonstrate the polymer PG-based steering, we fabricated polymer-PGs using commercial materials. The fabrication process includes the following steps: (i) photo-alignment polymer coating; (ii) polarization hologram exposure; (iii) LC polymer coating. We first prepared a thin (∼70 nm) layer of a photoalignment material (LIA-C001, DIC Corp) on 1 mm thick borosilicate glass substrates by spin-coating (3000 r/min, 30 s) with baking on a hotplate (110C, 1 min) . Then, the sample was exposed with ∼2 J/cm 2 with two orthogonally circular polarized beams from the He-Cd UV laser to record the PG pattern (Section V-C). As the last step, the exposed sample was coated with the polymerizable LC solution RMS10-025 (Δn 0.13, Merck Chemicals Ltd.) by spin-coating (1100 r/min, 45 s), and the coated layer was polymerized by a blanket UV exposure (2 min, 365 nm peak, UV Wand, Edmund Optics). In order to achieve proper retardation (i.e., halfwave at 1550 nm, as discussed in Section II-A), multiple LC layers were coated on the sample.
B. 1D Coarse Steerer Assembly
The SB design we choose is a three-stage (N = 3) 1D coarse steering module with 65
• FOR. The parameters of each PG are chosen according to Eqs. (5)- (7), and are listed in Table I . We formed three different PGs with 23.1, 11.5, and 5.8 μm grating periods, leading to diffraction angles ±3.9, ±7.7, and ±15.6
• at 1550 nm respectively. The required PG angles for the threestage, 1D coarse steerer for any FOR are shown in Fig. 11 . Since PGs with larger angles tend to show more leakage at oblique incidence, as we discussed in Section IV, it is often preferred to arrange the largest angle PG can be placed first in the steering assembly (i.e., closest to the source) to minimize the sidelobes of the steerer. Doing so makes the incidence angle of the largest angle PG close to ideal (i.e., normal to the PG) all of the time. Likewise, the smallest angle PG can be placed at the end of the assembly, since it is least impacted by the oblique incidence.
With the three PGs prepared and three switchable LC WPs [14] optimized for 1550 nm wavelength (fabricated in-house), we assembled the 1D coarse steering module shown as the Fig. 4 with the order of PG3 (adjacent to the input), PG2, and PG1 consecutively. To minimize reflection loss, all elements were laminated to each other with optical glue (NOA-63, Norland), and glass with anti-reflection coating (PG&O) was glued to the front and back faces. The resulting steering module was ∼1 cm thick.
C. Scalable Interferometric Approaches for Creating PGs
A PG can be recorded using the interference of two orthogonally circular polarized beams [17] , [18] . Fig. 12(a) is a schematic illustration of the conventional polarization holography setup. The QWPs with orthogonal slow-axes (e.g., +45
• and −45 • w.r.t. input linear polarization) change the polarization state of the two recording beams to be orthogonal circular (i.e., left-and right-handed) polarizations. The two beams are overlapped on the sample area and make an interference pattern which is then used to create the holographic grating structures. When the beams are projected on the sample with a recording angle θ R , they generate spatially varying linear polarization fields with a periodicity determined by Bragg's Law: Λ = λ/2 sin θ R where λ is the recording wavelength. In this configuration, the maximum achievable active area of the recording hologram is equal to the distance D. The recording length L increases as D increases and as Λ increases as described below:
As an example, to fabricate a PG having a 100 μm grating period and a 100 mm active area with a He-Cd UV (λ = 325 nm) laser, the classic setup requires around 30 m exposing distance, which is difficult to achieve practically. To overcome the above limitations, we propose a new approach that is scalable and can reduce the exposure distance significantly by utilizing a Michelson interferometric configuration as shown in Fig. 12(b) . A linearly polarized input beam from a UV laser is converted into RCP after passing through a QWP with +45
• axis. Then the beam is split by the NPBS where the polarization of one of the beams is converted to LCP after it passes through other QWP twice upon reflection from a mirror. Both beams are recombined by the same NPBS and cause an overlap at the sample area where a PG pattern is recorded.
This holographic method utilizes a NPBS to control the recording angle θ R . This is illustrated in Fig. 12(c) where a rotation of the NPBS (θ) causes a change of the recording angle by a factor of 2 (i.e., θ R = 2θ). This method allows for recording various grating periods without changing any position and size of the optics. Moreover larger active area can be obtained without increasing distance between optics. The only requirement is increasing the beam size and the size of the polarizing optics. Based on this new technique and 100 mm diameter optics, we experimentally fabricated PGs with various periods (e.g., 5-100 μm) within 30 cm 2 space. Some of the PG samples were used for making a prototype beam steering module shown in Section VI. Fig. 12(d) shows a picture of the setup with the change of the polarization status. The input beam split by the NPBS travels different beam paths (i.e., red and blue) and the split beams make a PG pattern on the sample area. Fig. 13 shows the first-and zero-order spectrum of the 11.5 μm PG, which is comparable to Eq. (1). In order to measure the output wavefront of the first-order diffracted wave, we used a Shack-Hartmann wavefront sensor (Thorlabs) with He-Ne laser (633 nm). The inset of Fig. 13 shows the output wavefront for 4 mm 2 region of the PG. The average output wavefront quality over nine different regions of the sample was fairly uniform (e.g., P-V λ/10, RMS λ/39, STD 0.023) compared to the output wavefront of the bare substrate (P-V λ/20, RMS λ/68, STD 0.011). Table I shows measured diffraction efficiencies of the three fabricated PGs with an infrared laser (1550 nm, 40 mW). The input is circularly polarized and incident normal to the surface. In order to obtain an experimental quantity η, we define the absolute diffraction efficiency of order m as η m = P m /P tot where P m is the measured power of the mth diffraction order and P tot is the measured total output power of the sample, measured with an integrating sphere (Newport). We define the scattering loss D as the fraction of transmitted light that does not appear within one of the three diffraction orders (+1, 0, −1). These PGs exhibit nearly ideal diffraction properties; ≥ 97.5% of input light is steered into the intended direction without observable higher orders (η 0 ≤ 1.7%, η −1 ≤ 0.4%).
VI. EXPERIMENTAL RESULTS
A. Individual PG Characterization
B. Steering Module Performance
We assembled a prototype polymer PG-based 1D beam steering module with three steering stages, which covers 65
• FOR with ∼8
• resolution at 1550 nm wavelength. Fig. 14(a) shows • from the horizontal. Since the assembly was optimized for the IR (1550 nm), the ceiling light (VIS) was diffracted into multiple images. Fig. 14(b) shows the images of the steered beams from the coarse module, which are captured by an IR-viewing sensor card. We fixed the position of the camera and took each steered beam projected on the card that was 5 cm away from the assembly. The beam was selectively steered as applying the voltage on the WPs as described in Section III, and a steering time of the prototype was less than 10 ms as reported [27] .
The measured transmittance and diffraction efficiency of the mainlobe are shown in Fig. 14(c) . The measured transmittance, comparable to Eq. (9), is calculated as T = P main /P in , where P main is the mainlobe power and P in is the input power. The efficiency, a normalization that removes the effect of the substrates to reveal the aggregate effect of the diffractive PGs, is defined as η = P main /P tot . For all steering angles, strong transmittance (84-87%) was observed, along with high diffraction efficiency (93-96%). This confirms that losses in this demonstration are predominantly related to the substrate absorption and reflection, and that the PGs are fairly efficient at redirecting light as expected even when the incidence angle is far from the normal direction. Reflectance and absorption is primarily due to the transparent-conducting-electrode material and interfaces within each WP and PG; the LC itself has comparatively very low absorption. We also show the relative transmitted power across the observed output angle range ±40
• for the largest steering angle (the worst case). As shown in Fig. 14(c) , all sidelobes were less than 1.5% and in the worst case totaled 4.4%. These sidelobes relate to the oblique incidence on the PGs, and likely can be reduced by employing specialized wide-angle PGs [26] , higher birefringence materials, and/or compensation films.
C. Steering With a Swift LC Variable Retarder
The switchable element of the SB steerer is the half-wave retarder, which is used in each steering stage. Therefore, the switching speed only depends on the switching speed of this retarder. Here we demonstrate fast beam steering of our single steering stage with a swift LC variable retarder (SLCVR, Meadowlark Optics Inc). We arranged the SLCVR in front of a polymer PG, as illustrated in Fig. 4(a) , and measured the dynamic response of the first order diffraction efficiency from the PG. While this is a switching time measurement of a single stage, the result is characteristic of any number of stages, since they would be switched in parallel. The response time (10-90%) is less than 2 ms (<100 μs: zero to half-wave, 1.69 ms: halfwave to zero) at the operating temperature 0-50
• C. This means that our coarse steering module can operate as a fast-switching beam steerer (e.g., ∼500 points steering in 1 s) with SLCVRs as the switchable element. The measurement data of the SLCVR is shown in the Fig. 15 .
VII. CONCLUSION
Here we studied a wide-angle, nonmechanical beam steerer based on polymer PGs. We derived a design process for selecting the PG grating periods based on a desired FOR and resolution. We also simulated and fabricated a system with 65
• resolution at 1550 nm. We demonstrated high optical throughput (84%-87%) that can be substantially improved by optimizing substrates and electrode materials. This SB beam steerer offers exponential scaling (2 N ) of the number of steering angles, can achieve very low sidelobes, and supports comparatively large beam diameters paired with a very thin assembly and low beam walk-off. Note that while the results and design described here are limited to steering in one dimension, 2-D steering could be implemented by arranging two of these PG steering assemblies sequentially. Finally, we demonstrated using a certain type of LC variable retarder that the total switching time from any steering angle to another can be 1.7 ms or better.
